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| INTRODUCTION
There are currently more than 7,000 known rare diseases, which are affecting more than 300 million people worldwide. It is estimated that the majority (~80%) is of genetic origin (GlobalGenes, 2018) . Rare diseases are defined to affect less than 5:10,000 in the European Union (EU; EU, 1999) and fewer than 200,000 people in the USA (Orphan-Drug-Act 1983) . The prevalence rate of classic Fabry disease (FD), an X-linked lysosomal storage disorder, is estimated to range widely from 1:8,454 to 1:117,000 males (Houge & Skarbovik, 2005; Meikle, Hopwood, Clague, & Carey, 1999) . More than 800 disease-associated mutations have been described until today (Benjamin et al., 2017) .
The diagnosis of FD, the determination of the global prevalence, and incidence rates of FD remain challenging. The opinions are varying about the effectiveness of the expansion of screenings to enable early diagnosis and initiation of treatment before disease onset and progression. Some society and government-sponsored guidelines from selected countries and regions around the world exist, but there have to be standardized approaches all over the world.
Although FD research evolved over the years, it still represents an enormous burden for clinicians and health systems worldwide due to its difficult diagnosis, high costs related to treatment, and the multidisciplinary approach required for an effective management. Consequently, further scientific efforts have to be directed to collaborative efforts to facilitate a better understanding of the underlying pathophysiology and to develop standardized guidelines for the recognition, assessment, and monitoring of disease-associated morbidities, as well as therapeutic concepts, including enzyme replacement and other adjunctive approaches, to improve patient outcomes (Eng et al., 2006) . Robust prognosis of future trends and necessities requires the profound knowledge of the past development and the current status of the global FD research infrastructure. Therefore, here we provide the first in-depth analysis of the global FD research activity for scientists, funders, and decision makers interested in FD to create a productive and promising scientific environment for times to come.
| RESULTS

| Publication development over time
The first entry on FD listed in the Web of Science (WoS), a publisher-independent global citation database, can be traced back to an article published in 1916 by G. Stümpke in the journal "Archiv für Dermatologie und Syphilis". Stümpke's article reports a case study of angiokeratoma corporis diffusum in Germany (Stumpke, 1916) . Interestingly, in his article, he refers to a report in the same journal describing a similar occurrence, which was already published in 1898. This was also the year of the first clinical description of FD, respectively, by Johannes Fabry (Fabry, 1898) , in Germany, and William Anderson (Anderson, 1898) , in England. Based on this first presentation of the disease, the name Fabry-Anderson disease was coined. In the following years until the 1960s, an only sporadic publication activity on FD was seen. The few publications during this In terms of the qualitative aspects of FD-related articles, we observed a major peak of the citation rate in 1962, which can be referred back to a highly cited study (180 citations) of eight affected families (Wise, Wallace, & Jellinek, 1962) . The third most cited article was published in 1967 by geneticist and biochemist Roscoe O. Brady, an early pioneer of lysosomal storage diseases. In his work, he discovered the underlying enzyme deficiency of FD (Brady et al., 1967) . Figure 1a shows the development of the publication output, the number of citations, and the annual average citation rates and clearly unveils the impact of the highly cited publication of Brady in 1967 (Brady et al., 1967 . In the 1960s, Hashimoto et al. characterized firstly lysosomes and suggested the genetic reason for an abnormality (Hashimoto, Gross, & Lever, 1965) . Afterward, studies from Opitz et al. (1965) and Brady et al. (1967) specified the genetic background. These new insights prepared the ground for novel approaches to evaluate the underlying pathophysiology of FD, clearly superior to the previously predominantly descriptive analyses (Fabry, 2001) . During these years, the publication output per year further increased to a peak of n = 23 articles in 1978. After a decline in the following years, the publication activity rose again to 23 articles/year in 1990, shortly after the description of the structural gene organization in 1988 (Bishop, Kornreich, & Desnick, 1988) and detection of the mutations in the responsible gene in 1989 (Bernstein et al., 1989) . The first significant increase in the publication output to n = 71 was observed during the time period from 2000 to 2002. This rise in the publication activity can be linked to the introduction of intravenous enzyme replacement therapy (ERT) in 2001, which led to a new era of FD research in terms of a better understanding of the underlying pathophysiology of the disease, the clinical progression, treatment, and prognosis (Hoffmann, 2009) . Not surprisingly, the highest citation counts in FD research were observed for the two articles that, in 2001, reported the results of the seminal clinical trials of ERT with Agalsidase alfa and Agalsidase beta, which also led to the maximum of annual citation numbers (Eng et al., 2001; Schiffmann et al., 2001 ; Table 1 ). In 2001, another highly cited article determining the baseline parameters, such as prevalence, mortality, and frequency of FD manifestations, in a cohort of 98 hemizygous males using the UK/Eire register was published. Further, this study was the first to also evaluate the psychosexual impacts of FD, such as, for example, impotence (MacDermot, Holmes, & Miners, 2001) . In 2007, another high impact article authored by Banikazemi et al. showed evidence for a delay in disease progression and premature death for patients under Agalsidasebeta therapy (Banikazemi et al., 2007) . After the approval of Agalsidase-beta ERT in the EU and USA, another decline in the publication numbers from the maximum of n = 134 in 2010 to only 67 articles in 2014 followed. A novel approach of FD treatment, pharmacological chaperone therapy, has been developed for the treatment of patients with amenable mutations. Pharmacological chaperones are chemical compounds that can facilitate the proper folding of proteins and hereby improve its stability and trafficking to lysosomes (Hollak, Vedder, Linthorst, & Aerts, 2007) . To date, the only approved therapeutic chaperone for FD in the USA is migalastat (Germain et al., 2016) . It received regulatory approval as oral monotherapy for adults and adolescents over 16 years of age in the EU in 2016 (Markham, 2016) . Maybe this might explain a new increase in publication numbers, resulting in n = 126 articles in 2017, the year with the second highest publication output on FD in this study. From these articles, 29 articles could be directly assigned to chaperone, meaning approximately 23%. In total, we could determine a minimum number of 176 articles on FD that are directly linked to chaperone.
In terms of the number of citations, a steady decline since 2007 was observed. This is not due to a lower recognition of these studies. It is merely related to the shorter time span in which these articles had to reach their maximum number of citations. This effect is called cited half-life, the time an article needs to reach 50% of its citations. It is assumed that it can last up to 7-8 years for biomedical publications (Magri & Solari, 1996) . Future studies will show if the downswing remains.
The development of articles on FD in relation to the overall biomedical research output showed a relatively low FD activity between 1980 and 2000 ( Figure 1b ). The share of FD articles reached its lowest value in 1994 with only 0.01 per mil, clearly indicating a time period with low interest probably due to few new insights in this rare disease.
| Countries' performance
Since only the FD research-related entries after 1973 included sufficient information to evaluate the underlying countries of origin, the geographical evaluations were only based on the research activity between 1973 and 2018. Our study unveiled a total of n = 1,975 articles during this period with the USA in the leading position (n = 500), followed by Germany (n = 325 articles), Italy (n = 240), UK (n = 238), France (n = 212), and Japan (n = 202). Brazil and Argentina were the only South American countries with more than 50 FD-related articles, most Asian countries showed an only marginal contribution, and the research activity of African countries was close to zero.
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first (1973) (1974) (1975) (1976) (1977) and last investigation interval (2013-2017) was revealed, whereas varying shares were found for the years between 1978 and 2013 ( Figure 2b ). As for the USA, an increase in their contribution from 31.34% (1973-1977) to 48.85% (1978-1982) with a subsequent decrease to 17.16% in the last interval was observed. Germany exhibited an extremely low involvement in FD research of only 1.49% of the total FD output between 1978 and 1997, but demonstrated an increase in its peak of 17.86% during the period 2008 to 2012. Italy's share increased over time from 1.49% to 15.86%, whereas the share of France decreased from 18.75% in the second period to 5.6% in the last period.
Although the time between 1980 and 2000 was characterized by a relatively low FD research activity ( Figure 1b) with a low contribution of some of the main protagonists, Japan on the contrary exhibited an increasing publication performance throughout this whole interval ( Figure 2b) .
As an indicator for the scientific resonance of the countries' FD research performance, we determined the country-specific citation parameters. In terms of the overall number of received citations (c), the USA was again the clear leader with the c = 23,183 and was followed by the UK (c = 11,558), who here ranked second as opposed to fourth in terms of the overall publication output. The UK was followed by Germany (c = 9,631), France (c = 6,468), and Italy (c = 5,557; Figure 3a) .
Strikingly, the analysis of the country-specific citation rate (cr = number of citations per country/number of articles per country; only countries with ≥30 articles) was led by the Czech Republic with cr = 50.98. The UK ranked second (cr = 48.56) and was followed by the USA (cr = 46.36), the Netherlands (cr = 46.15), and Belgium (cr = 38.68; Figure 3b ).
To enable the assessment and comparison of the countries' FD research performances in relation to their respective population and economic status, we determined the country-specific ratios, R POP = articles/population in mill. and R GDP = articles/GDP in 1,000 bn US dollar for countries with ≥30 articles (threshold). The best FD-related performance in relation to the countries' population was found in Switzerland (R POP = 9.78) and in Austria (R POP = 7.12) ( Figure 4a ). The best performance relative to the economic status ( Figure 4b ) was seen in the Czech Republic (R GDP = 176.69), Switzerland (R GDP = 161.84), and Austria (R GDP = 149.07). The USA stood out with a relatively poor performance and ranked only second to last before Brazil (Table 2; Figure 5 ).
| Networking
From 1900 to 2018, an increasing number of FD articles were authored in international collaborations forming the Figure 6a ). Overall, 443 articles (22.43%) originated from international collaborations with the majority 62.75% (n = 278) being authored in bilateral collaboration. In contrast, one article published in 2015 (Biegstraaten et al., 2015) originated from the joint work of FD experts from 15 different European countries, under the self-designation of European Fabry Working Group. In this article, the group presents recommendations for indications for initiation and termination of ERT. The collaboration between Germany and the UK scientists was unveiled as the most productive collaboration on a bilateral level with n = 73 articles, followed by USA/Canada (n = 63), USA/Germany (n = 57), and Germany/Italy (n = 51). In terms of collaborations on an institutional level, a complex network of European institutions was identified. The universities of London (UK), Mainz (Germany), Vienna (Austria), Zurich (Switzerland), and Cattolica Sacro Cuore (Italy) have been major contributors ( Figure  6b ). Since 2001, two major pharma-sponsored, multicenter, observational FD registries have provided solid platforms for formal and informal international networking among participant institutions and investigators, respectively, the "Fabry Outcome Survey" (FOS; NIH, 2019b) sponsored by Shiresince 2019 acquired by the Japan company Takeda-and the "Fabry Disease Registry" (NIH, 2019a) sponsored by Genzyme (a Sanofi Company).
| Funding
Overall, our analysis was able to identify the funding sources of 661 FD-related articles (31.55% of all publications). Funding for FD-related research was provided by a total of 199 different organizations. In total, 1141 research grants (g) on FD were bestowed, half privately (48.47%) and half publicly (51.53%) financed. Governmental funding provided the highest number of FD grants (g = 485) and was followed by industrial sponsors (g = 458), universities (g = 76), hospitals (g = 8), foundations (g = 64), nonprofit organizations (g = 23), or societies (g = 12).
On an individual basis, the most influential funding source with a yield of 222 FD-related grants was the US government, mainly represented by the National Institutes of Health (NIH) as part of the U.S. Department of Health and Human Services (Table 2) .
Further crucial funding sources of FD research were identified as pharmaceutical companies specialized on rare diseases: Genzyme Corp. (USA) gave 220 grants, followed by Shire HGT (Human Genetic Therapies/ USA) with a contribution of 133 grants, and Amicus Therapeutics (USA) with an amount of 29 grants. The Fabry registry is supported by Genzyme. Shire HGT, as already mentioned above, initiated the FOS originally to gain a better understanding of patients eligible for or under Agalsidase-alfa therapy, but evolved to a full registry over the years.
Other important financial driving forces behind FD research were governmental organizations of Japan, South Korea, Germany, Canada, China, Brazil, EU, Italy, and Spain. A more recent stakeholder in the field of FD-related research is Protalix Biotherapeutics, an Israeli company developing Pegunigalsidase alfa as a possible advantageous alternative for ERT (Table 3) .
The Italian charity foundation Telethon plays another crucial role in terms of financial support of FD research. It provides financial aid for three institutes conducting FDrelated research: the TIGEM (Telethon Institute of Genetics and Medicine), TIGET (Telethon Institute for Gene Therapy at the San Raffaele Hospital), and DTI (Dulbecco Telethon Institute; Telethon, 2018) .
| DISCUSSION
| Chronological development
In accordance with studies analyzing other biomedical topics (Bruggmann et al., 2018; Gotting, Schwarzer, Gerber, Klingelhofer, & Groneberg, 2017; Van Noorden, 2014) , we observed a significant increase in the number of articles and received citations over time, too. Milestones of FD research as well as the introduction of new therapeutic approaches paved the way for an increasing FD research activity over the years. However, the findings show that in relation to the general biomedical research output, the FD research activity between 1980 and 2000 was characterized by a relative stagnation. The only country with a constantly rising publication output throughout the whole investigation period was Japan. Before discovery of new therapeutic approaches and better epidemiological characterizations, the involvement in FD research did not yield much success. According to our findings, it can be assumed that the introduction of novel treatment approaches and the realization of a significantly higher prevalence through large genetic screenings started a new era of FD research with a rising global interest. As a consequence, many countries intensified comprehensive screenings and are connected in international collaborations shown by the increase of international publications over time. Nevertheless, it is crucial to expand this network to elucidate the many remaining uncertainties of regional differences in terms of management and treatment of FD. Especially low-income countries should be supported due to the high costs of enzyme replacement therapies as well as the pharmacological chaperone.
| Global publication output and funding
The most publishing countries on FD are the USA, some European countries, Japan, Taiwan, and South Korea. In line with previous studies evaluating other biomedical topics, the USA was also unveiled as the leading country in terms of FD research activity. This can mainly be explained by its high scientific standards, well-established scientific infrastructure, and its attraction to world renowned scientists Lammer et al., 2018) . It is mainly involved in the Fabry Disease Registry. The EU nations Germany, Italy, UK, and France are identified as the main protagonists involved in multinational programs and studies, like the FOS or Fabry Disease Registry. As also shown by some other studies (Lammer et al., 2018; Trost et al., 2018) , the leading countries afford high expenditures for Research and Development, so that their FD rankings are not astonishing. The results of the present study reveal that high-income countries publish much more on FD than low-or middle-income economies. Here it seems safe to assume that genetic screenings influenced the publication numbers by providing incentives and data reflected by the high publication outputs of these countries.
Further critical influences of the countries' FD activity are shown to be the amount of financial support by the respective governments and also the presence of pharmaceutical companies in the respective country. In recent years, governmental measures legalizing the promotion of orphan drugs as well as regulations that led to significant improvements in the management of rare diseases were strengthened in the USA, EU countries, Japan, South Korea, and Taiwan (Thomas & Caplan, 2019) . However, our findings also revealed private pharmaceutical organizations as pioneers in terms of financial support of FD research. This is at least partly surprising, since due to the nature of rare diseases, low patient numbers did not promise high profits for the pharmaceutical industry. Yet, in turn, to remain profitable, this often results in high costs of the developed medications, which is passed on to patients and health systems. Consequently, low-income countries often struggle with the financial burden linked to effective treatment for FD resulting in many patients not having access to quality of life-improving drugs (Pinto, Dennis, & Parra, 2009) .
Noteworthy in terms of the scientific resonance of the countries' FD performances is the outstanding position of the Czech Republic regarding the average citation rate and economic analysis of this study. Their leading position can be explained by their involvement in the FOS with the FOS Investigators and the European FOS Investigator Group as well as in the Fabry Disease Registry and the Fabry Registry European Board. Additionally, their participation in these author groups yielded highly cited articles that are ranking among the 10 most cited publications on FD (Banikazemi et al., 2007; Mehta, Ricci, Widmer, Dehout, de Lorenzo, et al., 2004) .
Similarly, also Switzerland's and Austria's high ranking in terms of the citation rate can also be referred to their participation in the FOS (Mehta et al., 2004 (Mehta et al., , 2009 . , China only published 11 FD-related articles from 2013 to 2017. However, rare diseases in China are increasingly recognized as an important public health issue and it is assumed that China is going to expand its investment in rare diseases through the National Natural Science Foundation of China in the future (Chen, Yao, & Liu, 2015) , albeit occidental pharma industries do not penetrate easily in Asia until now (Floether, 2010) .
Overall, our analyses show the urgent need to enhance the infrastructure for FD research. In the light of the low participation of low-income economies, this is particularly important for these countries (Forero et al., 2016) with regard to the ethical questions of distributive justice raised by the prohibitively high costs of FD treatment, whether through enzyme replacement or pharmacological accompaniment. Here, the market monopoly of the pharmaceutical manufacturers allows to charge high prices that are argued by the companies to be justified because they are adapted to market level. Since each company generates the market by itself alone, this argument should be questioned (Roos, Hyry, & Cox, 2010) .
| CONCLUSIONS
The present study supplies scientists, funders, and decision makers with information about the incentives and benchmarks as well as about the demands of FD research measured as publication output. The finding emphasizes the contributions of US-American and European scientists and the important function of governmental support.
Although FD research evolved over time, to date, only very few effective treatment options are available and these options are further linked to a substantial financial burden for patients and health systems. Many patients have no access to treatment, especially in low-income nations. Consequently, some governments are increasingly recognizing the need to foster basic research on FD independently of economic interests of big pharmaceutical companies. It is therefore internationally important to support low-income economies with know-how and financial resources to improve their scientific infrastructure and their participation in international networks. Collaborative scientific efforts, resulting in an increasing publication output should be strengthened to facilitate a better understanding of FD in terms of epidemiological background, diagnosis, and treatment and to also develop standardized guidelines to improve patient outcomes. Countries worldwide should be made aware of the enormous burden of FD for patients and health systems.
| METHODS
This study is embedded in the bibliometric platform NewQIS (New Quality and Quantity in Science) (Groneberg-Kloft, Fischer, Quarcoo, & Scutaru, 2009) , that was established to elucidate in-depth the research activity of a multitude of biomedical areas and topics with focus on the chronological and geographical aspects of the respective issues (Lammer et al., 2018; Quarcoo, Bruggmann, Klingelhofer, & Groneberg, 2015) . NewQIS was created in 2009 and has since analyzed the research activity of various areas of biomedical science and other public health issues of international relevance. The platform is evolving constantly and novel indices enable new insights into the global scientific activity. The data for the bibliometric part of this study were obtained from the online database WoS. In order to produce the most representative dataset of the global FD research activity, the entry terms of the MeSH (Medical Subject Heading) database of the US National Library of Medicine were used to create a unique search term. This search term was then utilized for a "Title" search for all entries on FD between 1900 and 2018. Only original articles and reviews on FD were included. The bibliometric metadata were then downloaded and transferred to a Microsoft Access database. Additional socioeconomic data of countries publishing on FD were retrieved from the World Factbook (CIA, 2017) .
Based on these data, we evaluated the overall publication output between 1900 and 2018, elucidated the development of the FD research activity over time, depicted the global contribution as well as the international network, and also analyzed the qualitative aspects (citation parameters) of FD research. Furthermore, socioeconomic influences of the countries' contribution to FD research were assessed (CIA, 2017) .
The visualization of the geographical findings was realized by means of cartograms by Gastner and Newman. These cartograms, also called Density Equalizing Map Projections, are based on the physical principle of the density equilibrium and re-sizes the countries according to an evaluation parameter (Gastner & Newman, 2004) .
| Methodological limitations and strengths
This study, embedded in the NewQIS platform, was established to provide in-depth insights into the global research activity of a wide range of relevant biomedical and public health issues. Using the WoS as source for the bibliometric data implies a persistent bias toward English literature and does not reflect the entirety of scientific articles on FD. However, here we need to emphasize that due to its strict selection processes, the utilization of the WoS is of clear advantage in terms of the quality of the underlying data of this study, especially against the background of the steadily increasing flood of low quality and predatory journals (Clark & Smith, 2015) . Another advantageous feature of the WoS is the possibility to access the FD research-related citation parameters via the Journal Citation Report, which enables the qualitative assessment of FD articles. Objective of the decision to search the "Title" for FD-related articles was to minimize the entries not associated with FD research, although this might have resulted in the omission of some relevant publications (Li et al., 2004) . In summary, we aimed to create a database containing a representative dataset of high-quality work on FD.
Further, since the assessment of the funding organizations behind FD research was limited to the entries included in our database, some funding sources may not have been included.
